A simulation-based fuzzy optimization method (SFOM) was proposed for regional groundwater pumping management in considering uncertainties. SFOM enhanced the traditional groundwater management models by incorporating a response matrix model (RMM) into a fuzzy chanceconstrained programming (FCCP) framework. RMM was used to approximate the input-output relationship between pumping actions and subsurface hydrologic responses. Due to its explicit expression, RMM could be easily embedded into an optimization model to help seek cost-effective pumping solutions. A groundwater management case in Pinggu District of Beijing, China, was used to demonstrate the method's applicability. The study results showed that the obtained system cost and pumping rates would vary significantly under different confidence levels of constraints satisfaction.
INTRODUCTION
Groundwater withdrawal plays a vital role in supporting sustainable urban water management in many countries (Bayer et al. ) . Previously, many simulation and optimization approaches have been developed for supporting ground- RMM has gained in popularity in groundwater management for many years, and exhibited great potential to help link a simulation model to an optimization platform. However, RMM has never been applied in a FCCP framework.
Thus, the objective of this study is to develop a simulation-based fuzzy optimization method (SFOM) for supporting the optimal design of regional groundwater management which has uncertainties. The groundwater flow under pumping operations will be simulated by MODFLOW (e.g. Visual MODFLOW 4.0, Waterloo Hydrogeologic Inc.) based on different initial and boundary conditions (McDonald & Harbaugh ) , and the related input and output datasets will be approximated by RMM. A FCCP model will then be formulated to seek the least costly pumping strategy subject to slightly violable hydraulic constraints, where RMM is embedded to help build the linkage between decision variables and groundwater drawdown levels. The proposed method will be validated by a real case located in Pinggu District, Beijing, China.
GROUNDWATER MANAGEMENT UNDER UNCERTAINTY
The groundwater management system involves processes of groundwater flow modeling and optimization of operation strategies, which are more or less found to be associated with many types of uncertainties (Huang et al. ) . Several studies have shown that groundwater geologic environments are highly heterogeneous and could easily lead to imprecise description under the condition of limited borehole data (Dou et al. ) . In the optimization process, the constraints of environmental standards and water supply capacity are somewhat subjective due to human-biased judgment and/ or scarcity of knowledge and research. From the point of view of system optimization, the management problem under consideration is how to pump groundwater to achieve maximum economic benefit and groundwater resource conservation, given an allowable risk of violating the specific regulations.
Generally, the accuracy of the groundwater model is affected by the model inputs and parameters. To reduce the influence of uncertainty from such sources, we can try to improve the accuracy of input parameters. For example, the study area can be divided into several subareas within which each one can have a specific set of parameters through on-site measurement; this is better than having a single parameter for the whole area with assumed distributions. These parameters can be further calibrated and verified through a trial-and-error procedure or use of an automatic calibration algorithm (i.e. a calibration tool of GMS). In a word, the uncertainty sources from a simulation model could be somewhat mitigated through additional measurement efforts. However, the uncertainty associated with environmental standards, policies and risks are subjective information due to the preferences of local authorities. It is more desirable that such information be defined as fuzzy variables. The proposed SFOM can be used for tackling such a case.
METHODOLOGY
Framework of the general method SFOM integrates RMM and FCCP into a general framework (see Figure 1 ), and can be used to handle uncertainties expressed as fuzzy sets. The first step is site characterization, which attempts to identify aquifer property, system domain, and modeling parameters. The second step is to construct the response matrices, and then validate their accuracy.
Simulation (see Section S1 of the Supplementary document, available online at http://www.iwaponline.com/jh/015/ 006.pdf) and analysis of the response matrix (Section S2 of the Supplementary document) are performed to predict groundwater behaviors and establish the response matrices.
Then, FCCP are integrated with the obtained response matrices to optimize pumping strategies and generate a trade-off curve between risk and system cost under different uncertainty levels. The information related to standard, policies and risks are tackled as fuzzy variables based on expert consultations or surveys.
Fuzzy chance-constrained programming (FCCP) model
A general FCCP model can be formulated as follows (Liu & Iwamura ):
Subject to:
where X is a vector of decision variables; B is a vector con- 
where μ À1 m is the inverse of μ m , m ¼ 1, 2,…, p. As Bðα 0 m Þ (as indicated in Figure 2 ) are smaller than Bðα m Þ, there
Hence, the crisp equivalents of Equation (1b) can be represented as AX μ À1 (α) (Liu & Iwamura ).
Simulation-based fuzzy optimization model (SFOM) for groundwater management
For a groundwater management system, the decisionmakers are responsible for satisfying the water demand and controlling the expansion of the drawdown funnel to control the declining trend of the groundwater level. The establishment of the groundwater drawdown standard is normally decided by the local government in light of hydrogeological, socio-economic, and eco-environmental conditions; it is best described by fuzzy sets due to the lack of information or subjectivity of human judgment.
Meanwhile, the evaluation of the allowable extraction amount may also suffer from uncertainty because of the aquifer complexities. Therefore, to tackle the uncertainties associated with groundwater management, a SFOM can be formulated as:
where Q( j, k) is the pumping rate of well j at time period k, [L 3 /T]; α m is the confidence level; NW is the total number of pumping wells; NV is the total number of planning 
where
is the natural hydraulic head of node i at time period l, [L];
β(i, j, l-k þ 1) is the unit response coefficient that describes the effect on the hydraulic head at node i in period l caused by a unit pumping volume at node j in the current or previous period k. According to the predetermined confidence levels, the SFOM for groundwater management can be formulated as follows:
Subject to: Figure 3 ). The aquifer system is semi-confined, heterogeneous, and anisotropic, consisting of surface clay the southern boundary will be treated as a general head boundary (GHB), while the northern boundary will be treated as a fixed head boundary (see Figure 4 ). The recharge items include precipitation, lateral recharge, and irrigation recharge, and the discharge items include evapotranspiration, abstraction, outflow, and others.
Model calibration and verification
Due to the highly variable geologic environments, the study area is divided into 32 subareas. The initial condition of each subarea is obtained according to the result of pumping tests and references (Li ) . The model parameters are (see Figure B in the Supplementary document, available online at http://www.iwaponline.com/jh/015/006.pdf).
These results imply that the numerical model has satisfactory prediction accuracy, and is acceptable for supporting further simulation and optimization studies. Table 2 lists the major input parameters for the area in which the well is located.
Based on the numerical simulation outputs, the response technique is then used to generate the response matrix between pumping rates and drawdown. The unit impulse response function depends on the characteristics of groundwater system, including the aquifer type, boundary shape, hydro-geological parameters and the distance between observation points. The selection of unit pumping volume is generally based on the fact that it should cause a notable response on water level of each controlled node Table A Table 3 . Then, a simulation-based fuzzy model can be formulated and solved by converting the inexact model into its equivalent crisp form. Figure 5 and Table 4 present the obtained solutions through SFOM under different α-cut levels (from 0.0 to 1.0) for the management period of 2010. Figure 5 shows the pumping rate distribution over the eight wells. The significant differences are attributed to the different confidence levels and the uneven productivity of the aquifer. When the α-cut level decreases from 1.0 to 0.0, the objective function value (i.e. the total pumping yield) would vary from 8,684.85 to 13,898.52 m 3 /d. It indicates that the higher the confidence level, the lower the objective function value.
Result analysis
This implies that a higher level of concern for the groundwater drawdown would compromise the extraction target.
Taking the α-cut level of 1.0 for example, the allowable drawdown value is 0.8 m, and the corresponding optimal pumping well number is 6 with the total pumping yield of 8,684.85 m 3 /d; while at the α-cut level of 0.4, the allowable drawdown value is 1.1 m, and the corresponding optimal well number changes to 7 with the total pumping yield of 12,053.40 m 3 /d. Table 4 shows the optimal pumping rates for different wells under various α-cut levels. Generally, as the confidence level increases, the pumping rate of each pumping well would decrease. In detail, wells W1, W3 and W6 are desired to operate at their full capacities (i.e. 2,000.00 m 3 /d), because these wells are in the Wangduzhuang water resources field, which has huge water capacities. As mentioned above, the thickness and hydraulic conductivity of the aquifer decrease from north to south. Therefore, the wells in the south have less water capacity. Wells W2, W4, W5 and W7 tend to have lower pumping rates in order not to cause serious hydraulic problems. For W8, the pumping rate turns out to be zero under most confidence levels. This is because W8 is close to the confining boundary and the two quondam wells. The drawdown level of W8 could easily violate the regulatory standard if it is used for groundwater extraction. Thus, its exploitation potential is limited. The drawdown extent would increase as the α-cut levels decreases. This is due to the fact that the confidence level controls the strictness of satisfying the hydraulic constraints, which, in turn, influence the pumping yields; Generally, the model solutions with information related to violation risks would be useful for decision makers to look into the balance between system reliability and economy. For the study case, a lower pumping rate may guarantee that hydraulic drawdown is within the required limit (i.e. higher system reliability) but this would lead to a lower economic benefit. Conversely, when the planners desire a higher pumping yield, the economic reward would be more attractive but this may correspond to a higher system risk. Therefore, a trade-off between economic development and the risk of overusing groundwater resources could be examined to help recognize the most cost-effective groundwater management strategy.
Discussion
This study was novel in a number of aspects. From the meth- How to effectively use groundwater resources in a sustainable manner, considering the complexities of the management system (like uncertainty issues), is an important topic for the local water managers. The proposed management model could help generate a full spectrum of solutions at different confidence levels, and assist the related As many parameters (like the water demand and supply capacity) may be dynamic over time, the management model may have to be formulated as dynamic over different periods. Considering the response matrixes could be developed for multiple managing periods, the problem could be solved successively using a sequential linearization approach (Ahlfeld et al. ) . Finally, the ecological and economic constraints were not accounted for during the model development. This is because the focus of this study was to demonstrate the methodology and the optimization model has been somewhat simplified. If the decision makers intend to address ecological safety, the related constraints could be added to ensure the water table drawdown is less than a critical buried depth. The budget limitation of well installation and operation costs could also be added, if required by the decision makers.
CONCLUSIONS
A SFOM was proposed for regional groundwater pumping management in consideration of uncertainties. A groundwater management case in Pinggu District of Beijing, China, was used to demonstrate the method's applicability.
It was found that SFOM improved upon the traditional groundwater management models through embedding response matrix model (RMM) into a FCCP framework.
RMM built an approximation of the relationships between aquifer's responses and pumping actions. The dimensions of the response matrixes relied on the number of observation points. The uncertainty originated from the optimization system could be effectively handled by FCCP.
A spectrum of the objective-function values and decision variables were available under several α-cut levels; the decision-makers could choose the best solution from multiple alternatives, considering the degree of imprecision derived from uncertain information. Moreover, the proposed method did not oblige all the constraints be strictly met; thus a trade-off between economic development and the risk of overusing groundwater resources could be examined. This study is useful in helping decision makers identify cost-effective groundwater pumping strategies, and setting up a good example of groundwater management under uncertainty for the related areas.
